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Abstract 
Drilling is a highly demanding machining process due to complex tool geometry and the progressive material failure 
on the work piece. In this study, a 3D model is developed using commercial finite element software 
ABAQUS/Explicit. The proposed model simulates the drilling process by taking into account of the damage initiation 
and evolution of the work piece material, a contact model at the interface between drill bit and work piece and the 
process parameters. The results of the simulations demonstrate the effects of machining parameters on drilling. The 
results also confirm the capability and advantage of FE simulation of the drilling process. 
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1. Introduction 
Drilling is a one of the most required machining process and has considerable economical importance 
in the industry. Drilling process accounts for 40–60% of the total material removal processes and it is an 
essential technique in aerospace industries [1]. Drilling of titanium and its alloys has been utilized in 
different industries nevertheless the number of published research is very limited in the literature. A series 
of experiments in drilling of Ti6Al4V have been conducted by Sakurai et al. [2–4]. Cantero et al. [5] 
focused on the dry drilling tool wear and work piece subsurface damage. Sun and Guo [6] investigated the 
machining of Ti6Al4V in adiabatic conditions. Guo and Dornfeld [7-8] are the pioneers in FE analysis of 
3D drilling. The authors investigated the burr formation. 
It is desired to have a predictive capability in drilling to enable optimization of the process parameters 
and drill bit geometry while taking into account work piece quality and tool wear. The technical difficulty 
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of 3D modeling is on the complicated geometry of the drill, material deformation and the chip formation. 
In this paper, drilling of Ti6Al4V has been investigated using a 3D Lagrangian finite element model. The 
interaction between drill and work piece is integrated by explicit dynamic analysis. Simulations were 
performed with a general FE software ABAQUS. For validation purpose experimental tests were carried 
out and compared to the FE results. 
 
Nomenclature 
f feed rate 
A the initial yield strength of the material 
B the hardening coefficient 
•
ε  the equivalent plastic strain rate 
ε 0
•
 the reference strain rate  
T the current temperature of the material 
Tmelt   the melting temperature of the material 
Troom the room temperature 
n coefficient of strain hardening 
m coefficient of thermal softening 
C coefficient of strain rate 
d1-d5 the failure parameters of Johnson-Cook damage model 
p the pressure stress 
q the Mises stress 
wD  Johnson Cook Damage criterion 
ε
pl
D  the equivalent plastic strain at the onset of damage 
 
2. Finite Element Model 
A 3D model is developed using commercial finite element software ABAQUS. The model aims to 
simulate the drilling process, to calculate the damage initiation and evolution in the work piece material; 
to predict induced cutting forces, torque, stress distribution in the work piece throughout the drilling 
process; and to predict the burr height at the entrance and at the exit sides while taking into account of the 
cutting parameters. The FE model is based on Lagrangian formulation with explicit integration method.  
Each drilling experiment was carried out with the use of coolant. It is assumed that the drilling induced 
heat is removed by coolant, thus thermal issues are not accounted in the model. While mass and inertia 
effects are included in the model. The overall dynamics are not taken into account into consideration in 
the analysis. However the tool is assumed fully elastic material, it is modeled as a rigid body. 
The contact and the friction parameters between the tool and work piece are influenced by a number of 
factor such as cutting speed, feed rate, geometry and the surface properties. In this study, the chip is not 
modeled due to computational cost therefore the friction between the chip and drill is ignored. The 
Coulomb friction model is used and a constant friction coefficient of 0.5 is used in the analysis. 
Interaction between the work piece and the tool is modeled by using surface-surface kinematic contact 
available in ABAQUS/Explicit. The overall FE model is shown in Figure 1. 
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Fig 1 Finite Element Model 
2.1. Material and Constitutive Models 
In order to perform FE simulation of drilling process, an accurate and reliable flow stress model is 
highly necessary to represent work material constitutive behavior under large deformation due to cutting 
conditions. In this study, the Johnson-Cook constitutive material model [9] and related damage model are 
used for titanium alloy. The flow stress is calculated according to Eq. (1). 
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When the equivalent plastic strain has reached to the criteria value, the damage initiated. The 
equivalent plastic strain at the onset of damage is calculated from the Eq. (2). 
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The Johnson-Cook constitutive material model and damage model parameters of Ti6Al4V are given in 
the Table 1. 
Table 1. Johnson-Cook constitutive material model and damage model parameters of Ti6Al4V [10-11] 
 
A (MPa) B(MPa) C n m d1 d2 d3 D4 d5 
862 331 0.012 0.8 0.34 -0.09 0.25 -0.5 0.014 3.87 
 
3. Experiments 
The drilling trials were conducted using TiAlN coated carbide twist drills with 8 mm diameter, 140˚ 
point angle geometry on a Mori Seiki SV-500 CNC milling machine. Tests were carried out at 1400 rpm 
spindle speed and 95, 119, 142, 171 mm/min feed rates with the use cutting fluid. The thrust force and 
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torque were measured using a dynamometer ( Kistler 9255B ), burr width was measured by an optical 
microscope and burr height was measured with the use of surface profilometer ( Mitutoyo SV-602 ).  
4. Results and Discussion 
The figure 2 shows the thrust forces collected from experimental study and finite element model which 
were carried out at 95 mm/min feed rate. As shown in the figure, the FE model provides a very good 
estimation of thrust force. The thrust force is underestimated by 1 %. As it can be from the figure, drilling 
can be divided into 3 stages: entrance, stable and exit.  
 
 
Fig. 2 Validation of the FE Model ( f=95 mm/min ) 
4.1. Thrust Force and Torque 
The figure 3(a) shows that FE model provides a good estimation for thrust force. The discrepancy 
between experiments and the model is less than 10 %. In experiments, a large amount of coolant was used 
and the effect of heat was minimized. Due to this, the model is based on mechanical loading and does not 
enable thermal softening. Another possible reason for the difference is friction model. A constant 
coefficient of friction was used in the FE model. The lack of accurate friction modeling is a limitation in 
FE analysis. Inaccuracy of the material can also affect the results of the FE analysis.  
 
   
(a)      (b) 
Fig. 3 (a) Comparison of FE Model and Experimental Thrust Force  (b) Comparison of FE Model and Experimental Torque
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The FE model provides a reasonable estimation for torque as shown in the figure 3 (b). The FE model 
overestimated the torque about 20%. The mechanistic model may be one of the reason since there is not 
softening in the material. As mentioned in discussion about thrust force, the friction model and inaccurate 
material can also affect the torque. The lack of chip formation may also have an influence on the torque.  
4.2. Burr 
The figure 4 displays the burr height. The FE model provides a moderate estimation for burr height. 
The model underestimated the burr height 50% and 75% at the entrance and exit sides, respectively. The 
lack of thermal model is thought to be predominant effect.  
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Fig. 4 Comparison of FE Model and Experimental Burr Height 
4.3. Workpiece Stress 
The distribution of Von Mises stress of the work piece is shown in the figure 5. The maximum Von 
Mises stress is estimated around 1.1 GPa. It shows that Mises stress increased gradually in the entrance 
stage, then the maximum Mises Stress was obtained in steady state, later it decreased gradually until the 
hole was drilled through. 
 
   
   
 
 
 Fig. 5 Stress Distribution of FE Model ( f=95 mm/min ) 
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4.4. Effect of Feed Rate 
Fig 3 (a),  (b) and Fig 4 show the effect of feed rate on thrust force, torque and burr height, 
respectively. An increase in the feed rate leads an increase in the thrust force, torque and burr height. The 
peak thrust force and torque were obtained at 171 mm/min feed rate in both experiments and FE model. 
Since there is not a thermal softening effect, the strain hardening effect will be dominant in the stress 
analysis. The burr height found to increase linearly with the increasing feed rate in FE model however this 
was not obtained in experiments.  
5. Conclusion 
A 3D finite element model which includes complex tool geometry, constitutive models appropriate for 
high strain rate, and process parameters is presented. Drilling tests are performed to present the efficiency 
of the FE model of drilling of Ti6Al4V. The thrust force, torque are collected, burr height is measured and 
compared to the FE results for validation. The model provides good estimation of thrust force whereas 
torque is overestimated by 20% and burr height is underestimated between 50 and 75%. The study shows 
that the FE model of drilling is able to predict changes in cutting force, torque and stresses with respect to 
drilling process parameters. 
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